Abstract-In this study, the complex permittivity of a liquid phantom material was measured using the open-ended coaxial line reflection method. The effectiveness of the proposed approach for measuring a liquid phantom with high permittivity and high loss was also confirmed by comparing the measurement results with those obtained using the TMB 010 circular cavity resonator method and the open-ended cut-off circular waveguide reflection method.
I. INTRODUCTION
In response to recent health concerns regarding the application of electromagnetic waves to the human body, the effects of such waves and methods for measuring complex permittivity in relation to liquids used for humanoid phantoms have been studied [1, 2] .
The author previously proposed broadband measurement of complex permittivity for liquids based on the reflection coefficient using a coaxial feed-type open-ended cut-off circular waveguide with an SMA connector [3] - [5] . However, measurement results previously obtained by the author's research group using the proposed approach (cut-off circular waveguide reflection method) need to be verified based on comparison with those of another measurement method or another approach at very low frequency (below 500MHz).
Accordingly, the complex permittivity of certain types of high-loss liquids were measured in this study to validate past measurement results and achieve progress in measurement precision using an open-ended circular waveguide loaded coaxial line [6, 7] . Measurement results and outcomes obtained using another measurement method were also compared to support evaluation of the proposed technique's effectiveness. Finally, the frequency characteristics of the complex permittivity of liquids were confirmed based on measurement at frequencies ranging from 50 MHz to 3.0 GHz.
II. MEASUREMENT PROCEDURE
The measurement jig for liquid insertion is made from a cut piece of worked brass and an SMA connector (BL52-1201-02, Orient Microwave Corp.). S 11 calibration must be performed before the measurement jig is mounted when input impedance is measured using a vector network analyzer (VNA). Input impedance is then measured at the front of the sample material upon its insertion into the measurement jig using a vector network analyzer after the jig is attached to a measurement cable connected to the network analyzer (see Fig. 1 ). Finally, the complex permittivity of the sample material is estimated based on an inverse problem to coincide with the calculated input impedance and the results of input impedance measurement. Measurement with this approach was performed with the tip of the circular waveguide open. As electromagnetic wavelengths are longer at lower frequencies, electromagnetic waves are cut off because they cannot propagate into the cylindrical waveguide of the sample insertion space with a sufficiently small diameter.
In addition, the complex permittivity of the inserted sample material must be estimated from the measured input impedance as an inverse problem. This work is performed using the 2D Newton-Raphson method. 
III. CALCULATION OF INPUT IMPEDANCE
In the proposed method, complex permittivity must be estimated by comparing measured and calculated S-parameter values. Accordingly, S-parameters of the structure with a liquid-filled jig need to be computed under conditions identical to those of the structure used to measure these values. It was assumed that regions 1 and 2 were filled with Teflon and liquid, respectively, in an analytical model of a coaxial line with an open-ended termination as shown in Fig. 3 . Region 3 was also assumed to be filled with liquid based on APEMC 2015 U.S. Government work not protected by U.S. copyright the insertion of a sample material. The electromagnetic waves of each of regions 1, 2 and 3 in the analytical model were expressed using an equation containing Bessel functions of the cylindrical coordinate system [6, 7] . Thus, the reflection constant at the reference plane (z = 0) as seen from the righthand side in Fig. 2 can be calculated using Equation 1 [7] . P and T here are matrices. Accordingly, the input impedance on the z = 0 plane as seen from the right-hand side of Fig. 2 can also be calculated easily with the reflection constant using Eq. (1). In this approach, complex permittivity is estimated as an inverse problem by comparing the measured input impedance with the calculated result. Accordingly, the inverse problem must be solved as the function of two variables to the assigned equation. In this case, the Newton-Raphson method [8, 9] is applied to the above operation.
IV. INFLUENCE OF MATERIAL SPACE DEPTH IN THE COAXIAL LINE PART
The complex permittivities of tap water, methanol, ethanol and isopropanol were firstly measured numerous times with the measurement jig filled with liquid to the coaxial line section ( Tables 1 to 4 show estimation results obtained with the proposed method, measurement results obtained with the TM 010 cylindrical cavity resonator method [10] , and those obtained with the open-ended circular cut-off waveguide reflection method [3] , [4] in the 2.5GHz band. The measurement results of the proposed method closely match those of the cavity resonator method and those of the open-ended circular cut-off waveguide reflection method despite center conductor length (material insertion part) variations of L = 0 to 2 mm. Next, the complex permittivities of tap water, methanol, ethanol and isopropanol were also measured multiple times with the measurement jig filled with liquid to the coaxial line section under center conductor lengths of 0 to 2 mm with a low frequency band of 100 MHz. The results obtained using the proposed method with these lengths were compared to those of another measurement method. Tables 5 to 8 show the measurement results. Overall and individual consideration of the data obtained showed significant variations in the outcomes of complex permittivity estimation using the openended cut-off waveguide reflection method and the proposed method with L = 0 mm. However, variability was minimal when complex permittivity was measured using the proposed method with L = 1 and 2 mm. These results are attributable to the fact that the input impedance was almost open (ȍ) [5] due to the patulous condition of the coaxial line's tip with L = 0 mm. Meanwhile, complex input impedance became finite due to electromagnetic wave absorption in this region because liquid was inserted to the coaxial line part with L = 1 and 2 mm. For each case shown in Tables 5 to 8 , the measurement results indicate that the input impedance on the reference plane differed from the results obtained with the open-ended cut-off circular waveguide reflection method [5] more as the length of the center conductor increased. Meanwhile, the variation of the measurement values obtained with the proposed method decreased as the length of the center conductor increased. Thus, the measurement values obtained with liquid inserted to the coaxial line part are more probable than those obtained using the cut-off circular waveguide reflection method in a low-frequency band. It can therefore be inferred that the proposed method [6, 7] results in higher measurement precision with lower variability of complex permittivity for liquids than the open-ended cut-off circular waveguide reflection method [3] - [5] . 
V. FREQUENCY CHARACTERISTICS OF COMPLEX PERMITTIVITY IN CERTAIN LIQUID TYPES
Finally, the complex permittivity of certain liquid types was subsequently measured using the proposed coaxial line method and cut-off waveguide reflection method under the
In addition, the ambient temperature was 25.0deg for input impedance measurement with the both measurement methods. The results of frequency characteristic measurement for complex permittivity using the proposed method with different center conductor lengths are shown in Figs. 3 to 6 along with results obtained using the cut-off circular waveguide method. This indicates that the measurement results obtained using proposed method are in close agreement with those obtained using the open-ended circular cut-off waveguide reflection method, including the determination of frequency characteristics. It can be concluded that the proposed method offers higher precision in the measurement of permittivity for than the cut-off circular waveguide reflection method because the variation of the measurement values obtained with the proposed method decreased as the length of the center conductor in the low-frequency band. It was additionally confirmed that the structure of the jig with the coaxial line part filled with liquid leads to improved accuracy in the measurement of complex permittivity for high-permittivity high-loss liquids at low frequency. VI. CONCLUSIONS This study involved the verification of a method for broadband measurement to determine the complex permittivity of liquids using the reflection method with an open-ended cut-off waveguide and a coaxial line as an SMA connector feed. The complex permittivities of tap water, methanol, ethanol and IPA were estimated from measured input impedance values using a vector network analyzer. The measurement results were compared with outcomes obtained using the cylindrical cavity resonator method and the openended circular cut-off waveguide method (as previously proposed by the authors) to evaluate the effectiveness of the proposed technique and the open-ended circular cut-off waveguide method, respectively. The extent to which center conductor filling with liquid to different lengths influenced measurement results was also evaluated. Based on the outcomes, the frequency characteristics of the complex permittivity of certain types of high-loss liquids were determined at frequencies ranging from 50 MHz to 3.0 GHz on the basis of the measurement procedure outlined above. It was confirmed that complex permittivity in high-permittivity and high-loss liquids can be measured at lower frequencies using a jig with a liquid-filled coaxial line part than a state in which the center conductor of the coaxial line is not filled with liquid. It was also concluded that this structure leads to improved measurement accuracy at low frequencies.
In future work, further jig improvement with a largediameter coaxial line and a material insertion space at low frequency is needed. In addition, the difference between the values obtained with each measurement method may also be attributable to temperature differences during input impedance measurement. Accordingly, the temperature dependence of these liquids will also be studied using the proposed method. Highly accurate numerical analysis for the open-ended section is also needed to deal with low-loss materials. Research to extend the method to the measurement of liquids in the millimeter band is also required.
